In the course of years, several attempts have been made in order to develop therapeutic strategies aimed at the induction of cell death program, that is, apoptosis. Unfortunately, clinical benefits deriving from this approach appeared as limited. Instead, more recently, the use of biological agents as well as of the so-called molecularly targeted therapy lead to some promising clinical result. In particular, agents capable of specifically modulating cell signals leading to apoptosis of cancer cells sparing non-tumor cell targets gained the attention of physicians and several studies have been carried out by both experimental and clinical points of view. Among these are works dealing with chemical or biological agents capable of activating tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). TRAIL is a member of the tumor necrosis factor (TNF) superfamily, highly homologous to CD95/Fas, which is expressed by several cell types. TRAIL ligates two types of receptors: death receptor (DRs), triggering apoptosis, and decoy receptors, which negatively modulate this pathway.^[@bib1],\ [@bib2]^ To date, four human receptors specific for TRAIL have been identified: the DRs TRAILR1 (DR4) and TRAILR2 (DR5), and the putative decoy receptors TRAILR3 (DCR1) and TRAILR4 (DCR2).^[@bib3]^

Binding of TRAIL, or administration of agonistic antibodies to DR4 or DR5, resulted in receptor oligomerization and initiation of apoptosis via recruitment of membrane-proximal caspases (caspase 8 or caspase 10).^[@bib4]^ Furthermore, it has previously been suggested that death receptors can be recruited into specific plasma membrane regions called lipid rafts that could facilitate protein--protein interactions and convey apoptotic signals.^[@bib5],\ [@bib6]^ Lipid rafts are plasma membrane microdomains varying in size from 50 to 70 nm, enriched in cholesterol and sphingolipids, and having many important roles in cell signal transduction. In fact, proteins located in these microdomains are severely limited in their ability to freely diffuse over the plasma membrane,^[@bib7]^ and their concentration and association into lipid rafts can influence their function and signaling.^[@bib8],\ [@bib9]^ It has been hypothesized that cell treatment with TRAIL could trigger the redistribution of receptors DR4 and/or DR5 into lipid rafts potentiating apoptosis.^[@bib10],\ [@bib11],\ [@bib12]^

Promising preclinical results using either recombinant soluble TRAIL or agonistic death receptor antibodies prompted phase I/II clinical trials exploring the safety and efficacy of these treatments. However, although these clinical studies have demonstrated a good toxicity profile, the major caveat was the highly variable response of cancer cells to apoptosis induction.

In the present study, we investigated in several human cell types, including non-transformed cells, as well as in CD19^+^ lymphocytes from patients with B-chronic lymphocytic leukemia, the possible implication of lipid raft microdomains in determining cell susceptibility to TRAIL-induced apoptosis. We show that the constitutive localization of TRAIL receptor DR4 into lipid rafts could represent a critical variable causing anticancer activity of TRAIL. The mechanism for this sensitivity seems to be based on the association, within lipid microdomains, of DR4, but not DR5, with a specific ganglioside, that is, the monosialoganglioside monoganglioside 3 (GM3). This molecular interaction appears as a prerequisite for cell susceptibility to TRAIL-induced apoptosis.

Results
=======

Surface expression of TRAIL receptors in transformed and non-transformed cells
------------------------------------------------------------------------------

As reported in [Figure 1a](#fig1){ref-type="fig"} and [Figure 1b](#fig1){ref-type="fig"}, surface expression levels of DR4 and DR5 receptors in different Burkitt\'s lymphoma cell lines (Ramos, Raji, Daudi, Namalwa) were variable. In the same vein, in non-transformed cells, such as freshly isolated human peripheral blood lymphocytes (PBL), human fibroblasts and human umbilical vein endothelial cells (HUVEC), surface expression of DR4 and DR5 was variable, although DR4 appeared significantly more expressed than DR5 ([Figure 1b](#fig1){ref-type="fig"}, right panel).

Soluble TRAIL-induced apoptosis in transformed and non-transformed cells
------------------------------------------------------------------------

Quantitative flow cytometry analysis revealed a different susceptibility in terms of sTRAIL-induced apoptosis among various lymphoma cell lines, that is, Ramos cells being highly susceptible, Daudi and Namalwa cells resistant, whereas Raji cells showed an intermediate sensitivity to TRAIL ([Figures 1c and d](#fig1){ref-type="fig"}, left panel). As far as non-transformed cells were concerned, PBL, fibroblasts and HUVEC did not show any sign of apoptosis following sTRAIL administration ([Figures 1c and d](#fig1){ref-type="fig"}, right panel). Thus, TRAIL-induced apoptotic susceptibility and resistance appeared to be unrelated to DR4 and DR5 surface expression levels.

We also analyzed two further tumor cell lines: CEM (T-cell leukemia) and HD-MyZ (histiocytic cell line). We observed a different susceptibility of these cell lines to sTRAIL ([Supplementary Results](#sup1){ref-type="supplementary-material"} and [Supplementary Figure 1B](#sup1){ref-type="supplementary-material"}). In particular, CEM cells were scarcely susceptible to this cytokine (\<15% of apoptotic cells), whereas HD-MyZ appeared more susceptible to sTRAIL (about 25% of apoptotic cells). No correlation was however detectable between DR4 and DR5 surface expression levels ([Supplementary Results](#sup1){ref-type="supplementary-material"} and [Supplementary Figure 1A](#sup1){ref-type="supplementary-material"}) and TRAIL susceptibility.

Constitutive localization of TRAIL receptors into lipid rafts
-------------------------------------------------------------

Lipid rafts serve to concentrate specific receptors at the cell plasma membrane also providing a scaffold for signal transduction proteins. For instance, it has been reported that the recruitment into lipid rafts of the major DRs, including DR4 and DR5, together with their downstream signaling molecules, for example, caspase 8 initiator-caspase, can promote apoptosis.^[@bib13],\ [@bib14]^ On these bases, we analyzed the distribution of DR4 and DR5 in fractions obtained by a 5--30% discontinuous sucrose gradient in the two Burkitt\'s lymphoma cell lines showing dramatically different susceptibilities to TRAIL: Ramos (highly susceptible) and Namalwa (resistant), and in non-transformed cells, that is, PBL (resistant to TRAIL). As shown in [Figure 2a](#fig2){ref-type="fig"} (left box), DR4 was constitutively present in fraction 4 in Ramos cells (corresponding to raft microdomains) as well as in fractions 10 and 11 (corresponding to soluble fractions). By contrast, DR5 was detectable only in fractions 10 and 11 but was virtually absent in the fractions 4--6 corresponding to raft microdomains (marked by flotillin 2, (FLOT2)). By contrast, in Namalwa cells ([Figure 2b](#fig2){ref-type="fig"}, left panel), as well as in PBL ([Figure 2c](#fig2){ref-type="fig"}, left panel), either DR4 or DR5 appeared almost completely restricted at detergent-soluble fractions 10 and 11.

The localization of DR4 into lipid rafts in Ramos cells was further confirmed by immunofluorescence analysis performed by intensified video microscopy (IVM) that showed an evident co-localization of DR4 with GM3, a glycosphingolipid that is abundant in lipid rafts of these cells ([Figure 2a](#fig2){ref-type="fig"}, right panel, yellow fluorescence) that we considered as a paradigmatic ganglioside in this study. According to biochemical data, in Namalwa cells and in PBL, IVM analysis did not reveal any co-localization of GM3 neither with DR4 nor with DR5 ([Figures 2b and c](#fig2){ref-type="fig"}, right panels).

These results, obtained by using biochemical methods, were also confirmed by using the FRET technique (bottom boxes). The sensitivity of this approach allowed us to investigate the molecular association of GM3 with DR4 or DR5 in entire non-permeabilized cells.^[@bib15]^ This quantitative analysis indicated a strict molecular interaction of GM3 with DR4 in susceptible cells only, for example, Ramos cells ([Figure 2a](#fig2){ref-type="fig"}, bottom box), as also demonstrated by FRET efficiency (FE) calculation performed by pooling together results obtained from three independent experiments ([Figure 2a](#fig2){ref-type="fig"}, bottom box, bar graph). Interestingly, also in Namalwa cells, we observed some association between GM3 and DR4, although significantly lower in comparison to Ramos cells ([Figure 2b](#fig2){ref-type="fig"}, bottom box). By contrast, in freshly isolated PBL, the molecular interaction between GM3 and DR4 was completely absent ([Figure 2c](#fig2){ref-type="fig"}, bottom box). According to biochemical data, neither in Ramos nor in Namalwa cells and PBL we found any significant association of GM3 with DR5.

Lipid rafts and TRAIL-induced apoptosis
---------------------------------------

On the basis of the results reported above, two different agents capable of perturbating microdomain integrity have been considered: methyl-beta-cyclodextrin (MBC), which disrupts lipid rafts by removing cholesterol from membranes^[@bib16]^ and the anticancer agent perifosine (a synthetic alkyl-lysophospholipid), which is known to favor the recruitment of DRs into the lipid rafts.^[@bib3],\ [@bib17]^ We found that MBC, when administered before sTRAIL, was capable of significantly hindering apoptosis in Burkitt\'s lymphoma cell line Ramos ([Figure 3a](#fig3){ref-type="fig"}, left panel) and was ineffective in Namalwa cells ([Figure 3b](#fig3){ref-type="fig"}, left panel) as well as in PBL ([Figure 3c](#fig3){ref-type="fig"}, left panel). By contrast, perifosine was able to significantly (*P*\<0.05) increase sTRAIL-induced apoptosis in Ramos cell line, and, although to a lesser extent, also in the refractory cell line Namalwa ([Figure 3b](#fig3){ref-type="fig"}) but failed to induce any significant effect in PBL ([Figure 3c](#fig3){ref-type="fig"}) and in other non-tumor cells (i.e. fibroblasts and HUVEC, not shown). Importantly, neither MBC nor perifosine were able to significantly modify the cell surface expression levels of DR4 and DR5 in all cell types mentioned above (not shown).

According to these data, IVM analysis showed that co-localization of DR4 with ganglioside GM3 observed in control Ramos cells ([Figure 3a](#fig3){ref-type="fig"}, left micrograph) was completely lost after treatment with MBC ([Figure 3a](#fig3){ref-type="fig"}, central micrograph) and it was emphasized by perifosine treatment ([Figure 3a](#fig3){ref-type="fig"}, right micrograph). In Namalwa cell line, IVM analysis did not reveal any co-localization of GM3 with DR4 either in control ([Figure 3b](#fig3){ref-type="fig"}, left micrograph) or in MBC-treated cells ([Figure 3b](#fig3){ref-type="fig"}, central micrograph) but after treatment with perifosine ([Figure 3b](#fig3){ref-type="fig"}, right micrograph), a partial co-localization of GM3 and DR4, which was paralleled by an increased sTRAIL-induced apoptotic response ([Figure 3b](#fig3){ref-type="fig"}, left panel) was observed. However, according to apoptosis data, perifosine was anyway significantly more effective in Ramos cells than in Namalwa cells. No co-localization at all was detectable in PBL ([Figure 3c](#fig3){ref-type="fig"}, right micrograph). Quantitative analysis performed by the FRET technique by application of Riemann\'s algorithm to evaluate FE ([Figure 3d](#fig3){ref-type="fig"}) indicated that the strict molecular interaction of GM3 with DR4 observed in Ramos cells was emphasized by perifosine treatment and significantly impaired by MBC administration ([Figure 3d](#fig3){ref-type="fig"}, left panel). In Namalwa cells, in which we observed a minimal association between GM3 and DR4, we found a small, statistically non-significant increase of this molecular association after perifosine treatment. A substantial decrease of GM3/DR4 association was also observed after MBC administration ([Figure 3d](#fig3){ref-type="fig"}, central panel). By contrast, in freshly isolated PBL these two drugs did not influence the GM3/DR4 interaction significantly ([Figure 3c](#fig3){ref-type="fig"}, right panel).

Hence, raft disruptor MBC modified apoptotic susceptibility only in cells in which DRs are already in microdomains, whereas the raft-recruiting agent perifosine increases TRAIL susceptibility only in those cells that are able to recruit DR4 into lipid rafts. HUVEC and fibroblasts, which did not display any constitutive molecular association of GM3 with DR4 or DR5, were also refractory to perifosine 'booster\' activity (not shown). An exemplification of FE computation by Riemann\'s algorithm is reported in [Supplementary Files 1 and 2](#sup1){ref-type="supplementary-material"}.

Apoptotic induction by DR4 and DR5 agonist antibodies
-----------------------------------------------------

Besides, we evaluated pro-apoptotic effects of agonist antibodies to DR4 and DR5 in Ramos and Namalwa lymphoma cell lines as well as in PBL ([Figure 4](#fig4){ref-type="fig"}). As expected on the basis of the above results, we found that only DR4 agonist antibodies induced apoptosis in Ramos cell line, whereas agonist antibodies to DR5 were ineffective ([Figure 4a](#fig4){ref-type="fig"}). By contrast, no significant apoptosis was observed in Namalwa cell line ([Figure 4b](#fig4){ref-type="fig"}) and in PBL ([Figure 4c](#fig4){ref-type="fig"}) either treated with anti-DR4 or anti-DR5 agonist antibodies. According to the results obtained by using sTRAIL, we also observed that MBC significantly hindered apoptosis induced by DR4 agonist antibodies, whereas perifosine favored DR4 agonist antibodies-induced cell death. By contrast, perifosine did not influence anti-DR5-induced apoptosis either in Ramos or in Namalwa cell lines. Importantly, treatments of PBL either with MBC or with perifosine did not induce any significant change in apoptosis values.

CD34-TRAIL^+^ induced apoptosis in transformed and non-transformed cells
------------------------------------------------------------------------

It has been reported that membrane-bound TRAIL (mTRAIL) is more active than sTRAIL in inducing apoptosis.^[@bib18]^ In addition, it was recently published by our group that adenovirus-transduced CD34+ cells overexpressing mTRAIL (CD34-TRAIL^+^ cells) exerted a potent antitumor activity *in vivo.*^[@bib19]^ We therefore tested the ability of these armed cells (CD34^+^-armed cells) to induce cell death in our panel of cell types, that is, either in cancer or, more importantly, in non-cancer cells. The following human cells were used as target in these experiments: Burkitt\'s lymphoma cell lines Ramos, Raji, Daudi and Namalwa, the T-cell leukemia CEM and HD-MyZ histiocytic cell line. As non-transformed cells we tested PBL and HUVEC ([Supplementary Results](#sup1){ref-type="supplementary-material"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Coculturing CD34-TRAIL cells with target cells mentioned above for 48 h (1 : 1 effector:target cell ratio) resulted in a highly significant induction of apoptosis. In particular, we observed that although the various target cells showed a different susceptibility to sTRAIL, treatment with mTRAIL, that is, with CD34^+^-TRAIL-armed cells, was significantly more effective in inducing cell death than sTRAIL (at least at the dose of 200 ng/ml as stated in the literature).^[@bib20]^ Importantly, TRAIL-armed CD34^+^ cells were not able to induce cell death in non-transformed cells, that is, PBL and HUVEC ([Supplementary Results](#sup1){ref-type="supplementary-material"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

*Ex vivo* analyses of lymphocytes isolated from patients with chronic lymphoblastic leukemia
--------------------------------------------------------------------------------------------

In order to verify the forcefulness of our hypothesis, that is, whether the constitutive association of TRAIL receptor with microdomains could be predictive of the response to therapy, an *ex vivo* investigation has been carried out. We analyzed lymphocytes isolated from the peripheral blood of six untreated chronic lymphoblastic leukemia (CLL) patients (Pt1-Pt6). We compared lymphocytes isolated from these patients with those isolated from healthy donors (HD) in terms of: (i) surface expression of TRAIL receptors; (ii) susceptibility to sTRAIL- and mTRAIL-induced apoptosis; (iii) susceptibility to apoptotic induction by DR4 and DR5 agonist antibodies; (iv) localization of TRAIL receptors into lipid rafts (by FRET analysis) and (v) the possibility of modulating TRAIL-induced apoptosis of *ex vivo* collected cells by modulating lipid rafts. All our analyses were restricted to B-cell population as pinpointed by using anti-CD19 antibodies. In fact, we found that the percentage of CD19-positive cells in healthy donors varied from about 7 to 12%, as expected ([Figure 5a](#fig5){ref-type="fig"}, first panel shows results obtained in a representative donor), whereas in PBL derived from pathological subjects the percentage of CD19-positive cells was of more than 75% ([Figure 5a](#fig5){ref-type="fig"}).

### Surface expression of TRAIL receptors

Analysis of CD19-positive living lymphocytes showed that surface expression levels of both TRAIL DRs DR4 and DR5 were higher in B lymphocytes isolated from pathological subjects than in B cells derived from healthy donors. In addition, we also observed that DR5 expression level in B lymphocytes of these pathological subjects was significantly higher than DR4 ([Figure 5b](#fig5){ref-type="fig"}).

### Apoptosis induction by sTRAIL, mTRAIL and agonist antibodies to DR4 and DR5

When apoptotic susceptibility to sTRAIL and mTRAIL was evaluated ([Figure 5c](#fig5){ref-type="fig"}), we found that B lymphocytes isolated from healthy donors were resistant either to sTRAIL or mTRAIL (first row). As far as pathological subjects were concerned, we found that B lymphocytes isolated from four of these were quite susceptible to TRAIL-induced apoptosis (results from a representative patient are shown in [Figure 5](#fig5){ref-type="fig"}), whereas B lymphocytes derived from the other two patients were almost completely resistant to TRAIL (results from a representative patient are shown in [Figure 5](#fig5){ref-type="fig"}). As reported above in B lymphoma cell lines, also in lymphocytes freshly isolated from peripheral blood, mTRAIL (i.e. CD34^+^-armed cells) was more effective than sTRAIL in inducing cell death (compare [Supplementary Figure 2](#sup1){ref-type="supplementary-material"} with [Figure 6c](#fig6){ref-type="fig"}).

Further analyses also demonstrated that: (i) DR4 but not DR5 agonist antibodies were able to induce apoptosis in B lymphocytes derived from susceptible patients (representative results, patient 1, Pt1, are shown in [Figure 6b](#fig6){ref-type="fig"}, left panel) and that (ii) perifosine induced a significant increase (*P*\<0.05) of apoptosis ignited by sTRAIL, mTRAIL and DR4 agonist antibodies, although at higher concentrations with respect to B lymphoma-cultured cell lines ([Figures 6a--c](#fig6){ref-type="fig"}, respectively, right panels).

### Localization of TRAIL receptors into lipid rafts

We investigated the molecular association of GM3 with DR4 or DR5 by quantitative FRET analysis. These analyses were conducted on a cell population stained for: CD19 (FITC, FL1), DR4 or DR5 (PE, FL2) and GM3 (Cy5, FL4). To note, FRET was evaluated in FL3 fluorescence channel restricting our analysis to CD19-positive cells only.

As reported in [Figure 7](#fig7){ref-type="fig"}, according to apoptosis data, we found a constitutive association of DR4 (but not of DR5) with GM3 in B lymphocytes susceptible to TRAIL-induced apoptosis (representative plots in [Figure 7a](#fig7){ref-type="fig"}). By contrast, this association was negligible either in B lymphocytes isolated from healthy donors (one representative of six is shown) or from patients who were resistant to TRAIL (representative plots in [Figure 7a](#fig7){ref-type="fig"}). As far as perifosine was concerned, we found an increase of GM3/DR4 association in cells treated with this drug with respect to controls (*P*\<0.05). Quantitative analysis of FRET data by application of Riemann\'s algorithm to evaluate FE from three independent experiments ([Figure 7b](#fig7){ref-type="fig"}) also indicated that the molecular interaction of GM3 with DR4 (black columns) observed in B lymphocytes isolated from patients susceptible to TRAIL was significantly increased by treatment with perifosine (*P*\<0.05). The association of GM3 with DR5 (gray columns) was negligible either in B lymphocytes isolated from healthy donors or from pathological subjects. In [Table 1](#tbl1){ref-type="table"} are summarized results obtained in four Burkitt\'s lymphoma cell lines (Ramos, Raji, Daudi and Namalwa) in comparison with non-transformed cells (i.e. PBL, fibroblasts and HUVEC) and with B lymphocytes isolated from six HD and from six untreated B-CLL patients (Pt1-Pt6).

Discussion
==========

In the present work, we provide evidence that the constitutive localization of TRAIL DR4 into lipid rafts, that is, in cholesterol-rich triton-insoluble microdomains, could represent *per se* a prerequisite for a high susceptibility to this cytokine. At variance, its exclusion from microdomains was found as associated to TRAIL resistance, at least in B lymphoblastoid human cells. In fact, we found that: (i) only cells with raft-associated TRAIL receptor DR4 were highly susceptible (e.g. Ramos cells); (ii) the disruption of microdomains (by using MBC) decreased cell susceptibility, whereas (iii) the increased localization of DR4 into lipid rafts (by using perifosine) caused an increased TRAIL-induced cell death. Importantly, according to this, the presence of these receptors into rafts was negligible in normal non-transformed cells (PBL, fibroblasts, endothelial cells, which were resistant to TRAIL) as well as in those cancer cells, which were refractory to TRAIL-induced effects (e.g. lymphoblastoma cell line Namalwa). The specificity of our experimental set up was further reinforced by the use of functional triggers alternative to sTRAIL molecule: agonist Ab to TRAIL receptor DR4 and DR5, and TRAIL-armed CD34^+^ cells. Interestingly, agonist Ab to DR4, but not to DR5, were able to induce apoptosis in cells that showed DR4 but not DR5 associated with GM3, the main glycosphingolipid component of lipid rafts in lymphocytic cells.^[@bib16]^ This finding is in agreement with the observation that protein/glycosphingolipid interaction within lipid rafts may have a key role in apoptotic pathway.^[@bib17],\ [@bib21]^

Some recent papers suggest that recruitment or localization of TRAIL receptors into lipid rafts can promote cancer cell death. In particular, it was reported that redistribution of DR4 and DR5 in lipid rafts accounts for the sensitivity to TRAIL of non-small cell lung carcinoma (NSCLC) cells.^[@bib22]^ In other cell lines, lipid raft-dependent DR5 expression and activation are critical for ursodeoxycholic acid-induced apoptosis in gastric cancer cells,^[@bib11]^ whereas DR4 recruitment into lipid rafts induced synergistic apoptotic response to fludarabine in Burkitt lymphoma B cells.^[@bib23]^ Furthermore, the fact that nystatin, a cholesterol-sequestering agent, can partially prevent TRAIL receptor localization into lipid microdomains and consequently reduce TRAIL-induced apoptosis in NSCLC cells^[@bib12]^ appears in agreement with our data indicating a significant reduction of TRAIL-induced apoptosis by using the raft disruptor MBC.

At variance, chemotherapic drugs bolstering TRAIL receptor recruitment into lipid rafts, for example, epirubicin,^[@bib24]^ cisplatin^[@bib25]^ or perifosine and edelfosine^[@bib13]^ significantly increased TRAIL sensitivity, suggesting that the combination of these drugs with TRAIL might offer a novel therapeutic strategy for cancer. In line with this hypothesis, some recent literature insight proposes the use of agents that modify the composition and structure of lipid membranes as anticancer drugs.^[@bib26]^ Interestingly, in all the above papers, in agreement with the results reported here, no significant positive correlation was found between expression levels of DR4 or DR5 and sensitivity to TRAIL. Thus, DR expression seems to be necessary but not sufficient for TRAIL sensitivity.

Our analyses suggest that the mechanism underlying TRAIL sensitivity is based on the association, within lipid microdomains, of DRs DR4 with a specific ganglioside, that is, the monosialoganglioside GM3. This was demonstrated by using FRET technique either in lymphoblastoma cell lines or in B lymphocytes freshly isolated from naïve patients affected by CLL. FRET is well known for its usefulness and handiness as valuable analytical cytology method to investigate molecular associations protein/protein as well as protein/(sphingo)lipid^[@bib15],\ [@bib27]^ by using a reduced amount of biological material in comparison to biochemical methods. In fact, FRET analysis allowed us to investigate the interaction of GM3 with TRAIL receptors also in B lymphocytes freshly isolated from pathological subjects, in which biochemical analyses were banished because of the small amount of cells obtained by drawing of a blood sample. In addition, FRET technique ('validated\' by canonic biochemical methods) also allowed the study of the GM3/DR4 molecular association in entire non-permeabilized B lymphocytes selected for their expression of CD19. Lipid rafts could act as catalytic microdomains, where TRAIL-associated death signals can take place easily. As the association with these structures was already suggested for other receptors associated with cell death signals, for example, CD95/Fas,^[@bib28],\ [@bib29]^ we can hypothesize that the differences detected in the panel of cell lines considered here could depend on the integrity and function of lipid microdomains. Finally, GM3 is considered here as paradigmatic as particularly abundant in lymphoid cells but we cannot rule out the possibility that gangliosides others than GM3 could have a role in determining TRAIL sensitivity in other cell types.

One of the possible mechanisms involved in lipid raft partitioning of receptors could be the attachment to these proteins of fatty acids, such as palmitic acid, that is, palmitoylation. For instance, it was reported that the integration/retention into lipid rafts of DR4 and of a receptor of the same molecular family of DR, that is, TNFR1, can be regulated by palmitoylation, which enhances molecular hydrophobicity and contributes to their membrane association and their signaling function.^[@bib21],\ [@bib30]^ By contrast, mechanistic studies also showed that glycosylation promoted DR ligand-induced receptor clustering in plasma membrane microdomains, an event that was associated with efficient DISC recruitment and caspase-8 activation.^[@bib31],\ [@bib32]^

Results obtained with B-cell lines were fully superimposable to those obtained in B lymphocytes freshly isolated either from patients affected by CLL or from healthy donors: only those lymphocytes displaying TRAIL receptor DR4 embedded in lipid microdomains were susceptible to TRAIL-mediated apoptosis (sTRAIL, DR4 agonist antibodies, CD34^+^TRAIL-armed), that is, in four out of six naïve patients analyzed. By contrast, the lymphocytes isolated from six healthy donors and from two out of six patients considered, in which no association of TRAIL receptor (neither DR4 nor DR5) was found by FRET analysis, were fully resistant to TRAIL. In addition, as FRET can be performed in a small number of cells, we can also consider the possibility that this approach could provide a useful predictive information to the physician as concerns the susceptibility to TRAIL-mediated therapy or the possibility to booster TRAIL effects by using specific drugs able to modulate TRAIL-receptor recruitment into lipid rafts (e.g. perifosine, edelfosine). In few words, the association GM3/TRAIL can be predictive of a susceptibility to therapeutic use of TRAIL ligation, whereas the lack of this association could avoid useless chemotherapeutic interventions.

In conclusion, although further studies will be needed to clarify these points and to understand how TRAIL receptor DR4 can be 'directed\' into lipid rafts, the present work clearly suggests a catalytic role of lipid microdomains and points at DR4 constitutively embedded in these structures as a putative predictive marker of TRAIL susceptibility for B lymphocyte malignancies.

Materials and Methods
=====================

Cells
-----

Human cancer cell lines used included Namalwa, Raji and Daudi EBV-positive, Burkitt lymphoma cell lines; the Ramos EBV-negative Burkitt lymphoma cell line; CEM T-cell line and the CD30−/CD68+ HD-MyZ histiocytic cell line.^[@bib33]^ Non-transformed cells included human PBL and skin fibroblasts isolated from six consenting healthy donors and human umbilical vein endothelial cells (HUVEC, PromoCell, Heidelberg, Germany, EU). Cells were maintained in RPMI 1640 medium or DMEM (both Gibco-BRL, Life Technologies Italia, Milano, Italy) supplemented with 10% fetal calf serum, at 37 °C in a humidified 5% CO~2~ atmosphere. Adenovirus-transduced CD34^+^ cells expressing membrane-bound TRAIL (CD34-TRAIL^+^ cells) were obtained as described elsewhere in more detail.^[@bib19]^

CLL cells
---------

Primary CLL mononuclear cells (MNCs) were isolated at the time of diagnostic work-up from the peripheral blood of six consenting patients by centrifugation on a Ficoll/Hypaque density gradient and plastic adherence to deplete monocytes. As assessed by flow cytometry, the percentage of MNCs co-expressing CD19, CD5 and CD23 antigens was \>90%. B-CLL cell samples from naive patients were chosen as, with respect to lymphoma bioptic samples, they can represent a paradigmatic and valuable example of *ex vivo* freshly isolated B cells.

Treatments
----------

Apoptosis was induced by incubating cells with recombinant soluble TRAIL (TRAIL 100 ng/ml for 48 h, Adipogen International, Inc. San Diego, CA, USA) or with agonist antibodies anti-DR4 and anti-DR5 (2 *μ*g/ml, both R&D Systems, Minneapolis, MN, USA). To modulate rafts organization, cells were pretreated with 5 mM methyl-beta-cyclodextrin (MBC, a lipid raft disruptor that removes cholesterol from membranes, Sigma, St. Louis, MO, USA) for 30 min or 5 *μ*M perifosine for 24 h (10 *μ*M for *ex vivo* experiments), which stimulates the recruitment of DR4 and DR5 into lipid rafts.^[@bib13]^

Adenoviral transduction of CD34^+^ cells
----------------------------------------

CD34^+^ cells were positively selected using the AutoMACS device (Miltenyi Biotec, Bergisch Gladbach, Germany) from the blood of consenting donors undergoing stem-cell mobilization. The cDNA for human TRAIL was purchased from the Riken BioResource Center. A replication-deficient adenovirus encoding the human TRAIL gene (Ad-TRAIL) expressed from the cytomegalovirus promoter was generated using standard methods as previously described. ^[@bib34]^ The transduction protocol has been described elsewhere in more detail (see [Supplementary Methods](#sup1){ref-type="supplementary-material"}).^[@bib35]^

*In vitro* activity of membrane-bound TRAIL
-------------------------------------------

The biological activity of mTRAIL-expressing cells was evaluated by coculturing CD34-TRAIL cells and tumor target cells for 48 h (1 : 1 effector:target cell ratio) in the presence or absence of anti-TRAIL-neutralizing monoclonal antibodies (BD Pharmingen, Franklin Lakes, NJ, USA).

Surface expression of Apo2L/TRAIL receptors by flow cytometry analysis
----------------------------------------------------------------------

Surface expression of DR4 and DR5 was quantified by flow cytometry after cell staining with monoclonal anti-human DR4-phycoerythrin (PE) and monoclonal anti-human DR5-allophycocyanin (APC) (both BD, San Diego, CA, USA). As negative controls, we used mouse IgG-PE and mouse IgG-APC.

Cell death assays
-----------------

Quantitative evaluation of apoptosis was performed by flow cytometry after double staining using FITC-conjugated annexin V/Trypan blue (Eppendorf, Milan, Italy), which discriminates early apoptotic, late apoptotic and necrotic cells.

Sucrose gradient fractionation
------------------------------

Lipid raft fractions from cells were isolated as previously described.^[@bib36],\ [@bib37]^ Briefly, 2 × 10^8^ cells were suspended in 1 ml of lysis buffer and the lysate was centrifuged for 5 min at 1300 × *g* to remove nuclei and large cellular debris. The supernatant fraction (post-nuclear fraction) was subjected to sucrose density gradient centrifugation, that is, the fraction was mixed with an equal volume of 85% sucrose (w/v) in lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA). The gradient was fractionated and 11 fractions were collected starting from the top of the tube. All steps were carried out at 0--4 °C.

FRET by flow cytometry
----------------------

We applied FRET analysis by flow cytometry in order to study the molecular association of GM3 and DR4 or DR5. Briefly, cells were fixed with 0.1% paraformaldehyde and labeled with antibodies tagged with donor (PE) or acceptor (Cy5) dyes. GM3 staining was performed by using unlabeled mouse antibody (Seikagaku Corp., Tokyo, Japan) and a saturating amount of biotinylated anti-mouse IgM (Sigma) followed by Streptavidin-Cy5 (Amersham, Buckinghamshire, UK). DR4 and DR5 staining was performed by using specific polyclonal antibodies (R&D Systems, Minneapolis, MN, USA) and saturating amount of PE-labeled anti-goat (BD Pharmingen). In addition, lymphocytes freshly isolated from healthy donors or from patients with hematological malignancies were stained with anti-CD19 FITC-conjugated monoclonal antibodies (BD Pharmingen) and analyses were restricted to CD19-positive cells only. Samples were analyzed with a dual-laser FACScalibur flow cytometer (BD Biosciences, Heidelberg, Germany) as previously described.^[@bib15]^ The FE was calculated according to the study by Riemann *et al.*^[@bib38]^ using the formula:

FE=(FL3DA---FL2DA/a---FL4DA/b)/FL3DA, where A is the acceptor and D is donor, a=FL2D/FL3D and b=FL4A/FL3A. For further information see [Supplementary Methods](#sup1){ref-type="supplementary-material"}, [Supplementary Files 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}.

Immunoblotting analysis of fractions
------------------------------------

All the fractions obtained as reported above were subjected to sodium-dodecyl sulfate polyacrilamide gel electrophoresis. The proteins were electrophoretically transferred onto polyvinilidene difluoride membranes (Bio-Rad Laboratories, Hercules, CA, USA). Membranes were blocked with 5% defatted dried milk in TBS, containing 0.05% Tween-20, and probed with anti-DR4 monoclonal antibodies or anti-DR5 polyclonal antibodies.

Bound antibodies were visualized with HRP-conjugated anti-mouse IgG (Jakson Immunoresearch Laboratories, Baltimore Pike, MD, USA) or anti-goat IgG (Dako, Glostrup, Denmark) and immunoreactivity assessed by chemiluminescence reaction, using the ECL Western blocking detection system (Amersham). FLOT2 was stained using a goat polyclonal IgG antibody (A-16) (Santa Cruz Biotechnology, Santa Cruz, CA, USA)

Immunofluorescence analysis
---------------------------

Control and treated cells were fixed with 0.1% paraformaldehyde. Cells were incubated with anti-DR4 or anti-DR5 polyclonal antibodies (R&D Systems) for 1 h at 4 °C followed by AlexaFluor 594 conjugated anti-goat IgG (Life Technologies, Mo, Italy) for additional 30 min. After washings, cells were incubated for 1 h at 4 °C with anti-GM3 IgM (Seikagaku, Tokyo, Japan), followed by AlexaFluor 488-conjugated anti-mouse IgM (Life Technologies). All samples were counterstained with Hoechst 33342, mounted with glycerol--phosphate-buffered solution (2 : 1) and analyzed by using an Olympus fluorescence microscope equipped with a Zeiss CCD camera (Olympus Corporation, Tokyo, Japan).

Data analysis and statistics
----------------------------

All samples were analyzed with a FACSCalibur cytometer (BD) equipped with a 488 argon laser and 633 visible red diode laser. At least 50 000 events were acquired. For experiments in which we restricted our analyses to CD19-positive cells, 100 000 events were acquired. Data were recorded by a Macintosh computer using CellQuestPro Software (BD). Statistical analyses were performed by using Student\'s *t*-test for paired samples or non-parametric Anova test. All data reported were verified in at least three different experiments and reported as mean±S.D. *P*-values \<0.05 were considered as statistically significant.
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![(**a**) Surface expression of TRAIL receptors in transformed and non-transformed cells. Flow cytometry analysis of surface expression level of DR4 and DR5 in four Burkitt lymphoma cell lines. Histograms obtained in a representative experiment are shown. Numbers represent the median fluorescence intensity. Results obtained in a representative experiment are shown. (**b**) Graphs showing the surface expression level of DR4 and DR5 in four Burkitt lymphoma cell lines (left panel) and in non-transformed cells PBL, fibroblasts and HUVEC (right panel). Mean±S.D. of the median fluorescence intensity obtained in four different experiments is reported. (**c**) Soluble TRAIL-induced apoptosis in transformed and non-transformed cells. Biparametric flow cytometry analysis of sTRAIL-induced apoptosis in four Burkitt lymphoma cell lines after double staining with annexin V-FITC/Trypan blue. Numbers represent the percentage of dead cells either annexin V/Trypan blue double-positive or annexin V single-positive. Results obtained in a representative experiment are shown. (**d**) Bar graphs showing the amount of apoptosis in four Burkitt lymphoma cell lines (left panel) and in non-transformed PBL, fibroblasts and HUVEC (right panel) after sTRAIL administration. Mean±S.D. of the percentages of annexin V-positive cells obtained in four different experiments is reported. Significant differences (*P*\<0.01) were detected between control and treated cancer cells](cddis2013389f1){#fig1}

![Constitutive localization of TRAIL receptors into lipid rafts. Left panels. Western blot analysis of sucrose gradient fractions. Fractions obtained after sucrose density gradient were analyzed by using anti-DR4 antibodies (first line) and anti-DR5 antibodies (second line). The third lane shows flotillin 2 (FLOT2) distribution, known to be enriched in fractions corresponding to lipid rafts (fractions 4--6). Right panels. IVM analysis after triple cell staining with anti-DR4/anti-GM3/Hoechst (upper panel) or with anti-DR5/anti-GM3/Hoechst. The yellow fluorescence areas indicate the co-localization. Bottom boxes. Quantitative evaluation of GM3/DR4 and GM3/DR5 association by FRET technique, as revealed by flow cytometry analysis. Numbers represent the FRET efficiency (calculated by using Rieman algorithm) and indicate that GM3/DR4 association was higher in Ramos cells, very low in Namalwa cells and negligible in PBL. GM3/DR5 association was absent in Ramos, Namalwa and PBL. Results obtained in one experiment representative of three are shown. (**a**) Ramos lymphoma cell line, (**b**) Namalwa lymphoma cell line and (**c**) freshly isolated human lymphocytes (PBL). Note different scales in FE bar graphs](cddis2013389f2){#fig2}

![Lipid rafts and TRAIL-induced apoptosis. Left panels. Bar graphs showing the amount of sTRAIL-induced apoptosis in cells pretreated with MBC or perifosine. Mean±S.D. of the percentages of annexin V-positive cells obtained by flow cytometry in four different experiments is reported. Right panels. IVM analysis after triple cell staining with anti-DR4/anti-GM3/Hoechst in control, MBC- or perifosine-treated cells. The yellow fluorescence areas indicate the co-localization. (**a**) Ramos lymphoma cell line, (**b**) Namalwa lymphoma cell line and (**c**) freshly isolated human lymphocytes. \* indicates *P*\<0.01 ° indicates *P*\<0.05 *versus* sTRAIL samples. (**d**) Quantitative evaluation of GM3/DR4 and GM3/DR5 association by FRET technique, as revealed by flow cytometry analysis. Numbers represent the FRET efficiency (calculated by using Riemann algorithm). Note different scales](cddis2013389f3){#fig3}

![Apoptotic induction by DR4 and DR5 agonist antibodies. Bar graphs showing the amount of apoptosis induced by anti-DR4 (left panels) and anti-DR5 (right panels) agonist antibodies in control cells and in cells pretreated with MBC or perifosine before apoptotic triggering. Mean±S.D. of the percentages of annexin V-positive cells obtained by flow cytometry in four different experiments is reported. (**a**) Ramos lymphoma cell line; (**b**) Namalwa lymphoma cell line and (**c**) freshly isolated human lymphocytes. \* indicates *P*\<0.01 *versus* anti-DR4 agonist Ab samples](cddis2013389f4){#fig4}

![(**a**) *Ex vivo* analyses of lymphocytes isolated from patients with CLL. Flow cytometry analysis of surface expression level of CD19 in lymphocytes freshly isolated from a representative HD among six or from two pathological subjects among six (Pt1 and Pt2) affected by B leukemia. Numbers represent the percentage of CD19-positive cells. Results obtained in a representative experiment are shown. (**b**) Surface expression of TRAIL receptors. Flow cytometry analysis of surface expression level of DR4 and DR5 in lymphocytes freshly isolated from a healthy donor or from two pathological subjects affected by B leukemia. Numbers represent the median fluorescence intensity. Results obtained in a representative experiment are shown. (**c**) Apoptosis induction by sTRAIL, mTRAIL and agonist antibodies to DR4 and DR5. Biparametric flow cytometry analysis of apoptosis induced by sTRAIL or by mTRAIL, that is, coculturing CD34^+^-armed cells or CD34^+^-mock with target cells (1 : 1 ratio). Numbers represent the percentage of apoptotic cells either annexin V/Trypan blue double-positive or annexin V single-positive. Results obtained in a representative experiment are shown. Analyses shown in **b** and **c** were restricted to CD19-positive cells](cddis2013389f5){#fig5}

![*Ex vivo* analyses of lymphocytes isolated from patients with CLL. Flow cytometry analysis of lymphocytes freshly isolated from a representative HD among six or from two pathological subjects among six affected by B leukemia (Pt1 and Pt2) triggered for apoptosis. Bar graphs showing the amount of apoptosis induced by (**a**) sTRAIL, (**b**) anti-DR4 or anti-DR5 agonist antibodies or (**c**) coculturing CD34^+^-armed cells with target cells (1 : 1 ratio) in control cells and in cells pretreated with perifosine before apoptotic triggering. Note that representative Pt1 was susceptible to all the pro-apoptotic stimuli mentioned above. Mean±S.D. of the percentages of annexin V-positive cells obtained in four different experiments is reported. \* indicates *P*\<0.01; ° indicates *P*\<0.05 *versus* sTRAIL sample (**a**), *versus* anti-DR4 agonist Ab sample (**b**) or *versus* CD34^+^-armed sample (**c**)](cddis2013389f6){#fig6}

![Localization of TRAIL receptors into lipid rafts. (**a**) Flow cytometry analysis of GM3/DR4 or GM3/DR5 association by FRET technique in lymphocytes freshly isolated from a representative HD among six or from two pathological subjects among six affected by B leukemia (Pt1, susceptible, and, Pt2, resistant). Analyses were performed in control cells and in cells treated with perifosine. Numbers indicate the percentage of FL3-positive events obtained in one experiment representative of three. (**b**) Bar graphs showing evaluation of FE, according to the Riemann\'s algorithm, of GM3/DR4 and GM3/DR5 association. Results shown represent the mean±S.D. from three independent experiments. Statistical analyses indicated that: (i) GM3/DR4 association was significant in lymphocytes isolated from Pt1 (susceptible to pro-apoptotic stimuli, see [Figure 6](#fig6){ref-type="fig"}) but not in lymphocytes from HD and Pt2 (resistant to pro-apoptotic stimuli, see [Figure 6](#fig6){ref-type="fig"}) (black columns); and that (ii) GM3/DR5 association was irrelevant either in lymphocytes from HD or from pathological subjects (gray columns). Note different scales. \* indicates *P*\<0.05 *versus* control samples](cddis2013389f7){#fig7}

###### Quantitative flow cytometry analyses of cell death and TRAIL receptors/GM3 association: *in vitro* and *ex vivo* experiments

                **Cell death**   **FRET efficiency**                                    
  ------------- ---------------- --------------------- ---------- --------- ----------- ---------
  **Ramos**     64.9±5.3         72.5±6.7              74.3±8.3   1.2±0.4   1.00±0.05   2.7±2.2
  **Raji**      20.2±4.0         32.3±3.6              26.7±3.4   1.5±0.3   0.47±0.04   3.3±3.1
  **Daudi**     11.4±3.7         22.9±3.1              16.8±2.7   1.0±0.5   0.49±0.03   4.1±4.1
  **Namalwa**   7.1±3.1          12.2±2.7              5.9±2.1    1.3±0.2   0.29±0.04   4.3±1.3
                                                                                         

  **Non-transformed cells**                                                      
  --------------------------- --------- --------- --------- --------- ---------- ----------
  **PBL**                     1.3±0.7   1.5±0.8   1.3±0.5   1.2±0.8   20.1±5.0   29.1±4.0
  **Fibroblasts**             1.1±0.9   1.5±0.6   1.1±0.7   1.0±0.7   17.3±2.1   19.4±2.2
  **HUVEC**                   1.2±0.7   1.7±0.7   0.9±0.5   1.1±0.5   16.2±3.3   14.3±3.1
                                                                                  

  ***Ex vivo***                                                                    
  ------------------------ ---------- ---------- ---------- --------- ------------ ----------
  **HD (*****n*****=6)**   0.5±0.2    0.6±0.2    0.4±0.1    0.3±0.1   1.7±0.2      24.2±4.1
  **Pt 1**                 22.1±3.4   25.7±2.9   21.6±2.4   0.6±0.2   671.5±23.2   21.3±2.4
  **Pt 2**                 1.7±0.5    1.5±0.4    1.3±0.4    0.5±0.2   1.9±0.4      18.1±1.2
  **Pt 3**                 19.4±3.4   27.5±3.7   20.1±2.8   1.0±0.3   841.6±31.1   24.0±2.1
  **Pt 4**                 18.7±2.5   23.1±3.3   21.3±2.8   1.3±0.8   749.1±29.3   28.2±1.3
  **Pt 5**                 2.3±0.9    2.1±0.7    1.1±0.6    1.2±0.6   1.7±0.3      19.0±2.5
  **Pt 6**                 21.6±3.5   27.9±4.1   25.7±3.1   1.5±0.7   796.4±29.3   30.5±3.3

Abbreviations: FRET, fluorescence resonance energy transfer; HD, healthy donor; HUVEC, human umbilical endothelial cell; PBL, peripheral blood lymphocytes; TRAIL, Tumor necrosis factor-related apoptosis-inducing ligand

Data from each single patient are reported

Left column: cell death evaluation after apoptosis triggering by sTRAIL, mTRAIL (CD34-armed cells) and by agonist antibodies to DR4 or DR5. Numbers represent the percentage of annexin V-positive cells after subtraction of the percentage of dead cells found in the pertinent control. Right column: quantitative analysis of the molecular association of DR4 or DR5 with GM3 obtained by calculating FRET efficiency by using Riemann\'s algorithm. Data are reported as mean±S.D. of the results obtained from three independent experiments

[^1]: Senior corresponding authors.
